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ABSTRACT 
Carbon fibre reinforced plastics (CFRPs) are intensively used in modern aircraft structures because 
of their superb specific mechanical properties. Unfortunately their electrical and thermal 
conductivities are not sufficiently high for some applications like electromagnetic interference 
(EMI) shielding and lighting strike protection (LSP). The addition of external metallic structures, 
such as aluminium or copper mesh, is generally required, with a compromise in terms of increased 
mass and manufacturing cost as well as reduced corrosion resistance. In the present work spray 
coating of carbon nanoparticles was utilised as a simple method to locally increase the electrical 
and thermal suface conductivity of CFRPs. The combined use of carbon nanotubes (CNTs) and 
graphene nanoplatelets (GNPs) synergistically reduced the CFRPs surface resistivity by four orders 
of magnitude (from 2-3 Ω/sq to 3×10-4 Ω/sq) and increased the thermal conductivity by more than 
7 times (from 200 W∙m-1∙K-1 to 1500 W∙m-1∙K-1), opening up possibilities for the replacement of 
metallic mesh structures for EMI shielding and LSP. An analytical model was introduced based on a 
one-dimensional heat conduction approach to predict the effective thermal conductivity for the 






Carbon fibre reinforced plastics (CFRPs) have been increasingly used for modern aircraft structures 
and wind turbines because of their excellent in-plane mechanical properties (stiffness and 
strength) and lightness [1-3]. However, unlike their metallic counterparts, CFRP structures do not 
readily conduct away the extremely high electrical current and electromagnetic force generated 
by a lightning strike [4]. CFRPs have a relatively low electrical conductivity (σ), particularly in the 
out-of-plane direction [5] (e.g., σout-of-plane =3.2×10
-3 S∙m-1 for unidirectional CFRPs with Vf = 60%) 
[6]) and need to be engineered for lightning strike protection (LSP) to withstand a lightning 
tolerance comparable to metallic structures. The principle of LSP is to offer a safe conductive path 
on the exterior skin of a composite panel. In an ideal case most of the lightning current will remain 
located at the highly conductive skin of the aircraft and will quickly exit off the aircraft without 
fatal damages. Current LSP solutions used in commercial aircraft composite structures are based 
on meshes or foils made of highly conducting metals and alloys. These meshes can be comprised 
of aluminium (Al), copper (Cu) or bronze (CuSn) wire, and can either be co-woven or commingled 
with the carbon fibre in a prepreg or fabric ply, or bonded separately as a mesh to the outermost 
laminate layer [7, 8]. However, in the case of aluminium mesh, galvanic corrosion can occur if 
moisture penetrates the composite’s exterior skin [9]. Galvanic action can be particularly severe 
for metals with low electrode potentials. Aluminium presents a greater risk of galvanic corrosion 
than most other metallic materials. Copper mesh eliminates the galvanic reaction risk, but weighs 
at least twice as much as aluminium [10]. General drawbacks of using metal meshes are the added 
mass of structural elements (e.g. typical areal densities of metallic foil are up to 1,600 g·m-2 [10]), 
added manufacturing cost, as well as reduced corrosion resistance and durability [9, 11]. It should 
also be mentioned that solutions based on impregnation of metallic meshes and foils reduce the 
extent of damage as a result of lightning strike, but do not eliminate the problem. Thus, new 
solutions that allow for an increased resistance to atmospheric discharges, while at the same time 
simplifying the manufacturing process are highly desirable. One recent approach is the use of 
conductive nanofillers, in particular carbon nanofillers like carbon nanotubes (CNTs), graphene 
and graphene nanoplatelets (GNPs). CNTs and graphene have attracted significant attention due 
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to their intrinsically high mechanical properties (ECNT = 1 TPa [12], Egraphene = 1 TPa [13]), thermal 
conductivity (λCNT = 2000-3000 W∙m
-1∙K-1 [14],λgraphene = 5000 W∙m
-1∙K-1 [15]) and electrical 
conductivity (σCNT =  3.3×10
6 S∙m-1 [16], σgraphene = 10
8 S∙m-1 [16, 17], also high charge mobility, vCNT = 
105 cm2∙V-1∙s-1 [18], vgraphene = 2×10
5 cm2∙V-1∙s-1 [19]), combined with their large aspect ratio (ARCNT  
= 500-104 [20], ARgraphene = 500-2000 [21, 22]). Unfortunately the electrical conductivities of 
GNP/epoxy (σmax = 1 S∙m
-1 at 2.5 vol.% GNP [14]) and CNT/epoxy (σmax = 10
4 S∙m-1 at 7.5 wt.% CNT) 
composites are still relatively low. Substantially increasing the nanofiller content is not a viable 
route as other problems like high resin viscosity, mechanical property reduction due to 
agglomeration and nanoparticle filtration during infusion will arise [23]. The use of hybrid 
nanofillers, like combinations of multi-wall carbon nanotubes (MWCNTs) and carbon black [24-28], 
have been reported to lead to synergistic effects. An interesting alternative approach has been the 
use of buckypaper in CFRPs [29]. Wang et al. [30] successfully impregnated single wall carbon 
nanotube (SWCNT) buckypaper with resin for improved LSP. Drzal et al. [17] reported that the 
surface electrical resistance of GNP/CFRP composite (GNP paper inserted into CFRP laminate: σ = 
2.2×105 S∙m-1) was ca. 3×10-4 Ω∙m. Gou et al. [31] showed a positive correlation between electrical 
conductivity of the surface coating and damage from lightning strike and employed a specialty 
paper made of carbon nanofibres and Nickel (Ni) nanostrands as a surface layer (ca. 1×10-4 Ω∙m) 
on CFRP panels as potential replacement materials for LSP. Although promising results have been 
reported, buckypapers and other hybrid nanoparticle papers are difficult to implement in an 
industrial environment and scaled up to the size required for practical engineering applications. 
Another recent approach for LSP is based on the use of intrinsically conductive polymers (ICPs). 
ICPs are possible alternatives for enhancing the electrical properties of CFRP, while the mass of the 
resulting composite structure remains mostly unaffected. Doped polyaniline (PANI) and its 
derivatives are the most widely studied ICPs in such composites [32-37]. PANI has great potential in 
terms of its widespread commercial usability because of its high conductivity, easy synthesis, low 
cost, good environmental stability and availability. Yokozeki and Hirano [34, 38] investigated the 
development of CFRP using a PANI-based electrically conductive thermoset matrix with 
dodecylbenzenesulfonic acid (DBSA) and p-toluenesulfonic acid (PTSA) as dopants and 




thickness direction (0.74 S/cm). PANI polymer systems exhibit high conductivity, suitable viscosity 
for the fabrication of CFRPs, and sufficient toughness. These properties seem ideal for enhancing 
the electrical properties and LSP of CFRP [38]. However, it is worth noting that the thermal 
conductivity of PANI is less than 0.7 W·m-1K-1, while its inferior stability also limits its applications. 
Therefore, it is of great interest to find alternative solutions to increase the electrical and thermal 
conductivities of CFRPs, especially for systems based on common epoxy resins. 
Direct deposition of nanoparticles onto carbon fibre (CF) preforms can locally enhance both the 
surface electrical and thermal conductivities of CFRP, meanwhile overcoming the limitation of 
scalability. Spray coating, for instance, has been demonstrated to be a facile method to deliver 
CNTs and GNPs into CFRPs in a controlled and scalable manner [2, 39-41]. Chakravarthi et al. [42] 
obtained improved electrical conductivity of CFRPs by spray coating hybrid Ni-SWCNT on CF fabrics. 
Addition of 4 wt.% Ni-SWCNTs (0.2-0.4 Ω/sq) reduced the electrical resistivity of the reference 
laminate (109 Ω∙m) by 10 orders of magnitude. The use of Ni, however, re-introduces the problem 
of galvanic corrosion. In the present work we will explore the possibility of an all-carbon based 
solution, in particular the exploitation of potential synergisms between CNT and GNP nanofillers, 
directly spray-coated onto CF preforms. CNTs have already been shown to align on GNP flakes, 
creating an inter-connected strong mixed nanofiller network. Shin et al. [43] reported synergistic 
toughening of composite fibres by self-alignment of reduced graphene oxide (GO) and CNTs. Yang 
et al. [44] improved mechanical and thermal properties of epoxy with hybrids of multi-layered 
GNPs and MWCNTs. The present work aims at enhancing the surface electrical and thermal 
conductivities of CFRP laminates using hybrid carbon nanofillers, deposited with a method which 




Non-functionalised medium aspect ratio (>150) MWCNTs used in this work were produced by a 
chemical vapour deposition (CVD) process and were purchased from Cheap Tubes Inc. (US). GNPs, 
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1-2 µm in length and 2 nm in thickness, of relatively high aspect ratio (~600), were in-house 
produced by a liquid phase exfoliation process using probe sonication of natural graphite in N-
Methyl-2-pyrrolidone (NMP) [45]. High speed centrifugation was utilized to control the size of the 
graphene and to warrant the quality of the GNPs. 
The epoxy resin (EP) was an aeronautical grade epoxy (MVR444), based on a resin (MVR444R) and 
hardener (MVR444H), kindly supplied by Cytec Ltd. (UK). The density of the cured epoxy system 
was around 1.1 g/cm3. The composite system employed consisted of woven carbon fibre fabric 
with a 4x1 Harness-Satin 5 (5HS) structure. Carbon fibre fabric/neat epoxy laminates were 
manufactured as baseline material. The mould release agent (Product No. 700-NC) was from 
Frekote, and an adhesive spray was purchased from 3M (Product No.: 10003901). The epoxy 
adhesive films used for encapsulating the nanoparticles after spraying was supplied by 3M™ (AF 
130-2). Kapton® polyimide films (No.536-3952, thickness 50 μm) were purchased from RS 
Components Ltd. (UK). 
2.2. Spray Coating 
Nanoparticles were sprayed using an airbrush system from Iwata Performance (H4001 HP-CPLUS), 
connected with an Iwata air compressor. Probe sonication (Sonics, Model GEX 750, 20 kHz, 5000 J 
energy, 20 % amplitude) was used to disperse the nanofillers in acetone. A detailed illustration can 
be found in [2]. A heating stage with a controlled temperature of 80 °C was positioned underneath 
the fabrics during the spray coating process to facilitate the evaporation of the solvent. The 
nanofiller concentrations in acetone were 5 mg /150 ml and 10 mg/100 ml for CNTs and GNPs, 
respectively. Spray coated fabrics were encapsulated by a B-staged epoxy adhesive film, which 
was co-cured together with the epoxy resins during the curing process. The main aim of this film 
encapsulation was to avoid any release of airborne nanoparticles during subsequent handling and 
manufacturing, enhancing the feasibility of transfering this technology to an industrial 










Fig. 1. Schematic illustration of spray coating of nanocarbons directly on carbon fibre fabrics 
folowed by encapsulation of the carbon nanofillers using an epoxy resin film. 
 
Clearly, the CNT:GNP ratio is an important factor in optimizing such hybrid nanofiller systems [44]. 
Four formulations were investigated in the present work: 1) 50 mg CNTs, 2) 70 mg CNTs, 3) 60 mg 
CNTs + 10 mg GNPs, and 4) a reference sample sprayed with pure acetone (no nanoparticles). 
Note that the mass refers to the total mass of nanoparticles sprayed onto each of the two sides of 
a carbon fibre fabric of size 40 cm x 40 cm. The effectiveness of the sprayed nanomaterials onto 
the CF fabrics was considered with reference to a control sprayed onto an insulator substrate, 
while the spray rate and spraying efficiency was checked. CNT/acetone (50 mg CNTs) and 
CNT/GNP/acetone (60 mg CNTs + 10 mg GNPs) suspensions were prepared and spray coated on 
polyimide films (40 cm × 40 cm). Three experiments for each system have been performed. The 
spray rate was estimated from the ratio of the GNPs left on the film to the total amount of GNPs 
added in the suspension. The average spray rate is ca. 95 % (see Table 1). Different amounts of 
nanofiller suspension have been spray coated on the same insulating substrate with the thickness 
adjusted to control the bulk resistivity of the nanocoating layer. 
 






ΔM= M2- M1, 
(∆M, g) 
Mspray coating  
 (M, g) 
Spray rate 
ΔM/M 




20.553 0.048 0.05 96.0% 
20.551 0.046 0.05 92.0% 
20.552 0.047 0.05 94.0% 
40 × 40  
20.505 
 
20.574 0.069 0.07 98.5% 
20.573 0.068 0.07 97.1% 
20.570 0.065 0.07 92.8% 




2.3. Fabrication of CFRP Laminates 
CFRP panels (40 cm x 40 cm) were manufactured by vacuum assisted resin infusion (VARI). Dry 
carbon fibre fabric stacks consisted of one ply of CF fabric coated with nanoparticles on top of nine 
plies of woven CF fabrics without nanoparticles. All ten plies of fabric were laid up on a flat steel 
mould in the same direction and covered by a peel ply and flow media within the flexible bag for 
VARI. A detailed illustration can be found in [46, 47]. Epoxy resin was heated to 70 °C under 
vacuum for 20-30 min to reduce its viscosity and facilitate degassing. After degassing the hardener 
(@ 80 °C and magnetic stirring for 10 min) was added to the resin and the mixture was stirred for 
another 15 min. The mixing ratio of resin and hardener before curing is 10.0:5.8 w/w. A final 
degassing step was then performed for 30 min, followed immediately by infusion of the mixture 
into the preheated (90 °C) mould. After the completion of mould filling, the cure cycle involved; i) 
ramping to 120 °C (@ 3 °C∙min-1) followed by a 90 min isotherm, ii) ramping from 120 to 180 °C (@ 
3 °C∙min-1) followed by a 180 min isotherm and iii) cooling down from 180 °C to room temperature 
(@ 3 °C∙min-1). Specimens were cut into test specimen with desired dimensions using a diamond 
cutting wheel. No visible defects and dry-spots were observed. The same procedures and 
parameters were applied for all neat resin reference specimens to highlight the effect of nano-
modification. Weight fractions were estimated from the measured masses of the various 
constituents as they were added. Volume fractions were derived using the densities given in the 
experimental sections, assuming that voids and resin flash are both negligible. The thickness of the 
cured panels was 4.85-4.88 mm with a fibre volume fraction of around 50 %.  
2.4. Characterisation Techniques 
Morphological analysis 
A morphological study was carried out using scanning electron microscopy (SEM) (FEI, Inspector-F, 
Netherlands) with an acceleration voltage of 20 kV. The morphology of the cured CFRP laminates 
after gold coating was investigated by imaging fracture surfaces. Transmission electron microscopy 
(TEM) (JEOL JEM-2010, Japan) was used to examine the morphology of the exfoliated graphene. 




of the graphene flakes. The AFM samples were prepared by drop casting a diluted GNP/acetone 
dispersion on a mica substrate. After evaporation of acetone, the specimens were scanned as 
prepared. Please refer to our previous publication for more detailed information [48]. 
Raman spectroscopy (Thermo Fisher Scientific Nicolet Almega XR, High-Performance Dispersive 
Raman Spectrometer, UK) was utilized to characterize of exfoliated GNP. Raman measurements 
were performed with a wavelength of 532 nm [48].  
Electrical tests 
Surface electrical resistance was measured by a two-probes method using a picoammeter 
(Keithley 6485, Textronix, US) and a DC voltage source (Agilet 6614C, US). Surface resistance tests 
were performed in accordance with ASTM D4496 – 87 standard [49]. The surface resistivity s  in 
Ω/sq was calculated as below, 
( / )s sR W L                                                                                                                                                 Equation (1)                                                                                                                                                   
where sR  is the surface resistance, W and L are the width and length of the specimen between 
electrodes, respectively.  
Panels were cut into test specimen of 10 mm x 30 mm and silver paste was applied to the edges of 
the specimen ends to ensure good contact between the electrodes and the sample. To eliminate 
the effect of excess resin on the surface of the specimens, the surface electrical resistance was 
tested after up to 10 cycles of manual abrasion by sandpaper (Grade 1200). SEM was utilised to 
measure the thickness reduction of the specimens after each abrasion cycle.  
Thermal tests 
Thermocouples were used to measure the surface temperature of the composite specimens (50 
mm x 70 mm) at different locations along the panel length. The variation in specimen surface 
temperature was measured upon heating the panel from one side by a heated metal strip with a 
constant temperature of 150 °C. Picolog software was used to record the temperature variation 
with time in this transient surface heat conduction test. A thermal imaging camera (FLIR system, 
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Model: FLIR A 35, UK) was used to take thermal images and videos of the temperature distribution 
along the panel while heating the panel from one side. 
 
3. RESULTS AND DISCUSSION 
3.1. Morphological Analysis 
Natural graphite (NG) flakes exhibited lateral dimensions varying between 600 ± 150 μm and 800 ± 
200 μm and thicknesses of ~40 μm (Fig. 2a-b), giving the initial NG flakes an apect ratio (AR) of 20 
± 5. After exfoliation via probe sonication in N-Methyl-2-pyrrolidone (NMP) solvent, the average 
length of the exfoliated graphene or few layer graphene (FLG) was around 1.23 ± 0.45 µm (Fig. 2c-
d), while the thickness was ~2 nm (AR ≈ 600). The edges of the graphene sheets (Fig. 2e-f) 
indicated that single and few layer graphene were obtained without aggregation after liquid phase 
exfoliation. AFM images and Raman data (Fig. 2g-h) confirmed that FLG was obtained. Moreover, 
Raman spectra (Fig. 2h) of FLG (containing D, G and 2D peaks) confirmed a graphitic structure with 





Fig. 2. (a-b) SEM images of natural graphite; representative (c-d) SEM, (e-f) TEM and (e) AFM 
images of exfoliated FLG obtained by probe sonication of NG in NMP solvent; (f) Raman spectra of 
FLG (containing D, G and 2D peaks) extracted from NMP solution, confirming a graphitic structure 
with low defect content. 
Fig. 3a-c show the distribution of CNTs and CNT/GNP hybrids on carbon fibre fabrics after spray 
coating compared to reference CF without nanoparticles (Fig. 3d). CNTs are evenly distributed on 
the CF surface as interconnected small bundles or individual nanotubes (Fig. 3a-b). GNPs show the 
typical platelet type morphology (Fig. 3c). In the case of hybrid nanofillers the presence of GNPs 
does not appear to significantly modify the distribution of CNTs (Fig. 3c-d). CNT particles as “tiny 
dots” and flat GNPs (of 1-2 μm) can be identified from the CFRP cross-sections (Fig. 3e-f) and Fig. 





Fig. 3. SEM images of different amounts of nanoparticles sprayed on CF fabrics: a) 50 mg CNTs, b) 
70 mg CNTs, c) 60 mg CNTs + 10 mg GNPs, d) reference sample without nanoparticles. SEM images 
of CFRP containing different amounts of nanoparticles: e) 50 mg CNTs, f) 70 mg CNTs, g) 60 mg 
CNTs + 10 mg GNPs, h) reference sample without nanoparticles.  
3.2. Surface Electrical Resistivity 
A synergistic effect between the two-dimensional (2D) GNPs and one-dimensional (1D) CNTs on 
electrical conductivity was found in the conductive coating layer. In addition, high electrical 
conductivity of graphene in the basal plane enhances the synergistic effect in terms of electrical 
conductivity. The electrical conductivity of the coating layer depends on the conductive percolated 
network, the weight ratio of GNPs to CNTs, and on the morphology of the layer [50]. 
The surface electrical resistivity of CFRP panels is plotted in Fig. 4a. A lower electrical resistivity is 
obtained with increasing amount of CNTs. An even lower electrical resistivity is observed when 
CNTs and GNPs are jointly used, which cannot be explained by a simple mixing rule, hence showing 
some synergistic effects, in analogy with a previous investigation [51]. By combining 1D 
nanoparticles like CNTs with 2D nanoparticle like GNPs one can envisage the formation of a more 
intricate 3D conductive network. Long and tortuous CNTs can bridge adjacent GNPs and, by this, 
inhibit their aggregation, resulting in a larger specific surface area and more conductive pathways 
[43, 52]. Fig. 4a also shows that the surface electrical resistivity of CFRP panels noticeably 
decreases as the external surface gets progressively removed by abrasion (increasing depth). The 
surface resistivity of the reference sample (without nanoparticles) decreases from 0.60 Ω/sq (@ 30 
μm depth) to 0.01 Ω/sq (@ 180 μm depth) until it reaches a plateau in correspondence to a depth 




assumes a minimum at a depth of 180 μm, after which it increases, reaching the same plateau 
level as found in the reference samples. To explain this phenomenon, SEM micrographs of the 
sample’s cross-sectional area were taken after each abrasion cycle (Fig. 4f-i). Initially the external 
surface of each sample shows an epoxy region, about 180 µm thick. With increasing number of 
abrasion cycles the epoxy region decreases in thickness (averaging ca. 30 µm/cycle), until the CF 
ply level is reached after about six abrasion cycles. Only for the samples containing spray coated 
nanoparticles, a new discrete region is found, just above the CF ply, in correspondence to a depth 
of 180 µm (after about six abrasion cycles). As shown in Fig. 4c-e, this new region is characterised 
by a highly dense nanoparticle layer, lying on top of the CF fabric layer (Fig. 4c-e). Fig. 4b shows a 
schematic of the cross-section of the samples, in the proximity of the external surface, constituted 
by up to three regions: (1) an epoxy insulating layer (t ≈ 180 µm), (2) a nanoparticle modified layer 
(t < 4-5 µm) (not present in reference samples) and (3) the carbon fibre/epoxy laminate (t ≈ 50 
µm). This schematic, supported by the SEM micrographs in Fig. 4f-i, well explains the surface 






Fig. 4. (a) Surface electrical resisivity of different nanofiller modified CFRPs in relation to surface 
depth, (b) schematic of different surface layers of nanofiller modified CFRPs, (c-e) the exposure of 





Our lowest value of electrical resistivity was 3.4×10-4 Ω/sq, and was obtained when the CFRP top 
ply was coated with CNT/GNP hybrids, which is comparable to the highest values found in 
scientific literature but at a lower overall nanofiller content (areal density ρ = 0.4 g∙m-2). Asmatulu 
et al. [9] for example obtained a resistivity of 1.9×10-4 Ω/sq by surface spray coating 8 wt.% GNP 
on carbon fibre, while Leng et al. [53] reached a value of 1.2×10-4 Ω/sq by inserting CNT based 
buckypaper. In addition, our surface electrical resistivity approaches the values of commercial Cu 
and Al meshes (0.79-1.26×10-4 Ω/sq [54], depending on the knit and solder structure of the metal 
wire mesh [53, 55]) but at a fraction of the areal density. Typical areal density values of 
commercial metal meshes range from 50 to 1000 g∙m-2 [42-44], while the areal density of our 
CNT/GNP hybrid coating is as little as 0.4 g∙m-2. This offers great benefits in terms of weight 
savings and corrosion resistance, while the simplicity of the spray-coating deposition method 
overcomes problems of scalability and manufacturing costs.  
During lighting strike it is expected that the heat generated will burn away the resin rich surface 
layer of the composite panel. It is expected that the presence of either a Cu or Al mesh or a 
GNP/CNT hybrid coating can then dissipate this large amount of energy quickly, hence minimizing 
the damage created by local heating during the event. However, it is expected that in most cases 
components after lightning strike would still require repairing or replacement. 
3.3. Surface Heat Transfer  and Theoretical Modeling 
To evaluate the effect of the carbon nanofillers on heat transfer, different panels were subjected 
to a transient surface heat conduction test (inset Fig. 5). Fig. 5 shows the evolution of the 
temperature with time at one end of the sample (position 2), while the temperature at the other 
end (position 1) is maintained at 150 °C. It is seen that the temperature at position 2 of panels 
coated with CNT/GNP hybrids is always higher than that of reference panels without nanocarbons, 




Fig. 5. Variations of temperature at position 2 for hybrid CNT/GNP spray coated panel and 
reference CFRP panel with the coating layer facing down (inset shows a schematic of the 
thermocouple positions). 
Modelling of Heat Transfer through the Coating Layer 
Fig.6 shows the physical model [56] of the heat transfer through the conductive nanocoating layer. 
The coating layer is facing upwards, hence its upper surface is in contact with air and its lower 
surface in contact with the CFRP laminate. L, W and t are the length, width and thickness of the 
coating layer, respectively. The left end of the panel surface was firmly attached to a strip with a 
constant temperature while the surface temperature T0 (position 1) was measured by a 
thermocouple. The heat is assumed to transfer through the coating layer in the x-direction by 
conduction (one dimensional) and transfer to the surrounding air by convection and radiation 
since the surface temperature T0 is higher than the air temperature Ta and that of surfaces of the 
test room. Since the thickness t of the layer is much smaller than its length and width, the 






Fig. 6. Physical model of heat transfer through a coating layer (coating layer facing upward). 
The cross-sectional area for heat conduction is A = Wt, the perimeter for heat convection is P = W. 





                                                                                                                                    Equation (2) 
where λ is the thermal conductivity of the coating layer. The heat transfer by conduction of the 







                                                                                                                         Equation (3)                                                                                                                                  
The heat transfer by convection from the upper surface of the layer to air is Qc.  
( )c aQ aPdx T T                                                                                                                         Equation (4)                                       
where α is the heat-transfer coefficient, T is the temperature of the layer at x. Considering steady 







                                                                                                                      Equation (5)                                  
The boundary conditions are 
0            0 T T at x                                                           Equation (6) 




                                                                                   Equation (7) 
The solution of Equation (5) with subject to the boundary conditions (6-7) gives the temperature 
distribution in the layer along the x-direction as 
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T T m x
T T
 
    Equation (8) 
Where / m P A . The convective heat-transfer coefficient α can be estimated using an 
empirical correlation available for natural convective heat transfer of air from a hot horizontal flat 
surface facing upward [56].  














 Pa a a a
a a
gC T T W
Ra
v
 are Nusselt number and Rayleigh number, 
respectively, λa is the thermal conductivity of air, g is the specific force of gravity, Cpa is the specific 
heat capacity of air at constant pressure, μa is dynamic viscosity of air, βa is volume coefficient of 




The properties of air at atmospheric pressure and room temperature (about 300 K) can be found 
in [56]: Cpa = 1.0 kJ/kg K; μa = 1.846×10
-5 kg/m s; va = 15.69×10
-6 m2/s; λa = 0.026 W/m K; βa = 
3.3×10-3/k. The dimensions of the test panel are L = 0.07m, W = 0.05m, t = 5×10-6 m. Under these 
conditions, we find Ra = 8.16×105, 30.06uN  , α = 11.16 W/m
2 K. The estimated heat-transfer 
coefficient is in the range of such a case. Therefore m is calculated to be 0.515000 . 
Fig. 7a-d show experimental results on specimens coherent with the physical model in Fig. 6, but 
now with the coating layer facing upward to allow the recording of thermal images. In this case 
thermal images of the whole upper panel surface are continuously recorded by an infrared 
camera. The surface temperature distributions, of the CNT/GNP hybrid coated panel, are shown at 
four different time intervals. At τ = 0 s the surface temperature of the panel (black colour) is 
uniform at a room temperature of about 25 °C (Fig. 7a). At τ = 60 s the surface temperature varies 
rapidly from left to right over two thirds of the panel length (Fig. 7b). As the surface temperature 
of the panel increases, heat is transferred along the length by conduction and also to the 
surrounding air by convection and radiation. At τ = 100 s the surface temperature variation 




steady state (Fig. 7d). The surface temperature distribution follows an exponential function along 
the x-direction. It is also noted that the surface temperature variation in the width direction is 
fairly uniform in all cases, indicating good localisation and dispersion of the hybrid nanofillers as 
well as one-dimensional heat transfer in the x-direction. The steady state surface temperature 
profile is shown in Fig. 7e. Surface temperatures at several locations were measured and plotted 
against x. Note that at each location several temperatures along the width direction were 
measured and their average value was taken as the temperature at this location. The temperature 
variation in the width direction is shown by the error bar.  
A physical model of the heat transfer through the coating layer is proposed and the analytical 
results can be used to interpret the temperature profile in Fig. 7e. The temperature T in the layer 
along the x-direction can be described by Equation (8). The main uncertainties involved in the 
measurements and calculations include: (1) in Fig. 7, the temperature measured using 
thermocouples due to contact thermal resistance between the thermocouple lead and the surface 
of the coating layer; (2) the thermal conductivity of the coating layer consisting of CNTs, GNPs and 
epoxy; (3) the radiation heat transfer rate estimated at about 15% of the total heat transfer. To 
calculate the temperature distribution in the coating layer along the x-direction, different values of 
thermal conductivity (λ) of the coating layer (100, 200, 800, 1000, 1500, 2000 W∙m-1∙K-1) were used 
in Equation (8) and compared with the experimental data. For example, when   = 2000 W∙m-1∙K-1, 
the temperature distribution in the coating layer along the x-direction can be expressed as 
00.364( )cosh(1.67 33.4 )a aT T T T x    .  
It can be seen from Fig. 7e that the measured surface temperature profiles are generally in good 
agreement with those predicted by Equation (8). The CNT/GNP hybrid coated panel can be fitted 
assuming a thermal conductivity of 1500 W∙m-1∙K-1, while the reference panel can be fitted by a 
thermal conductivity of 200 W∙m-1∙K-1. The analytical results show that the CNT/GNP hybrid 
nanoparticle coating provides a substantial increase in surface thermal conductivity, estimated to 
be more than 7 times higher than that of the reference panel. Thermal conductivities of Cu mesh 
and Al mesh are comparable at 400 W∙m-1∙K-1 and 200 W∙m-1∙K-1, respectively, highlighting the 
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potential of the proposed hybrid nanocoating system. Experimental results are also compared 
with representative data from literature in Table 2. 
 
Fig. 7. (a-d) Thermal images of hybrid CNT/GNP coated CFRP captured by infrared camera; (e) 
comparison of the predicted and measured surface temperatures of hybrid CNT/GNP coated CFRP 
(in red) and CFRP reference panel (in black).  
Table 2. Thermal conductivity of different coating materials. 
Materials Thickness λ (W m-1K-1) 
25ºC 
Refs 
70 % diamond/Cu composites 0.40 mm 742 [57] 
Stainless steel mesh with Cu micropillars 0.28 mm 1398 [58] 
5 vol.% MWCNT/Cu 18.04 μm 404 [59] 
10 vol.% MWCNT/Cu 12.20 μm 418 
20 vol.% MWCNT/Cu 4.80 μm 447 
30 vol.% MWCNT/Cu 2.30 μm 478 
Al mesh 0.30 mm 237 [60] 
Cu mesh 0.25 mm 385  [61] 
Monolayer graphene 0.34 nm 5000 [62] 
SWCNT  3000 [63] 









4. CONCLUSIONS  
A simple and versatile method to deposit and localize hybrid nanocarbons as a conductive coating 
onto a carbon fibre preform was demonstrated. Spray coating of hybridized CNT and GNP 
nanofillers lowered the surface electrical resistivity of laminates from 2-3 Ω/sq (for reference CFRP) 
to 1.03×10-3 Ω/sq (for CNT only coating) and 3.43×10-4 Ω/sq (for CNT/GNP hybrid coating), with the 
hybrid CNT/GNP system demonstrating certain levels of synergistic effects. The surface electrical 
resistivity of hybrid CNT/GNP coatings approaches that of commercial Cu mesh (0.1-1.7×10-4 Ω/sq) 
but at a fraction of the areal density (0.4 g∙m-2 compared to 50-1000 g∙m-2 for commercial metallic 
meshes). Thermal conductivity was increased from 200 W∙m-1∙K-1 (for reference CFRP) to 1500 
W∙m-1∙K-1, for panels spray coated with CNT/GNP hybrids. 
These extremely high specific electrical and thermal conductivity values make spray coated hybrid 
CNT/GNP nanocarbons a promising alternative to metal meshes for applications like LSP and EMI 
shielding of composite structures. Additional benefits reside in the versatility and scalability of the 
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